Abstract. In this investigation, nite element technique and experimental method were utilized for analyzing the residual stresses created during the welding process of plates. In this way, a welded specimen was prepared with controlled welding parameters. Hole drilling technique was used to measure the residual stresses in some points of the welded specimen. To evaluate accuracy of the FE modeling, a comparison between experimental data and FE results was utilized and showed a good agreement. According to this study, the procedure of the FE modeling with acceptable accuracy was extended. This improved model was employed to investigate the in uence of the groove shape on the remained stresses of welded plates. It was shown that the weld groove shape can a ect the distribution of the remained stresses in thick welded plates, but it had no signi cant e ect on peak stresses.
Introduction
Residual or remained stresses are formed due to the non-uniform contraction and expansion during the welding process. These stresses can be a ected by many parameters like welding parameters and also the geometry of the specimen. To reach the structural integrity of the welded structures, it is necessary to correctly determine the distribution and magnitude of the welding remained stress and also evaluate their e ects. During the last decade, a signi cant progress has been made in the prediction of the residual stresses of di erent welding processes, and several commercial nite element codes can now handle this issue [1] . Gao et al. studied pass-by-pass stress evolution in multipass welds using Finite Element (FE) technique [2] .
Finite element method was also employed to estimate the welding residual stresses of high-strength steels by Yajiang and Juan [3] . Syngellakis and Mellor used asymmetric two-dimensional FE model for analyzing a butt-welded plate [4] . Zhu and Chao studied the e ects of the material properties on the nite element modeling of welds [5] . Ramjaun et al. investigated the in uence of interpass temperature on residual stresses in multipass welds, considering welding phase transformation [6] . Due to the high signi cant e ects of welding residual stress on the mechanical behavior of the welded structures, some researchers worked on the e ects of these stresses on the crack behavior of the structures [7] [8] [9] .
The welding process parameters and the geometrical properties of the welded joints have a signi cant e ect on the residual stress distribution of the welded structures. The e ects of the di erent welding parameters in uencing the remained stresses in welded objects were studied by Peng-Hsiang and TsoLiang [10] . Tso-Liang et al. investigated the e ects of the parameters related to the material, such as physical and mechanical properties of the base metal and ller metal; geometrical parameters such as weld groove geometry and type of the welding joint; and welding parameters such as the type of the welding process, current, voltage, welding speed on the magnitude, and distribution of the welding remained stresses [11] . The e ect of clamping condition on the residual stresses and distortions in a butt-welded plate was studied by Choobi et al. [12] . Akbari et al. investigated the e ects of the weld groove shape and geometry on residual stresses in a butt-welded pipe [13] . In a di erent work, they presented the e ects of the welding heat input on residual stresses in butt welds of welded pipe joints [14] .
In most published papers, only the welding joints with the simple V-groove shape were considered. Veiga et al. employed the experimental methods to investigate the e ects of the weld groove shape in a buttwelded plate [15] .
In this paper, distribution of the welding remained stresses in stainless steel plates was investigated using a three-dimensional FE modeling. The nite element results were evaluated with the experimentally measured data resulted from the hole-drilling. Then, the in uences of most usual welding groove types, including V-groove, X-groove, and U-grooves, on the distribution and magnitude of remaining stresses were studied.
Theoretical aspects
Welding residual stresses are calculated in this paper using nite element technique. Theoretical considerations of the thermal and mechanical analyses were described below.
Thermal analysis
During each welding pass, the distribution of the temperature was estimated from the transient thermal model using rst order elements. Goldak et al. suggested a double-ellipsoidal model in order to enter the heat induced by welding arc into the weld metal [16] . The heat ux rate in each node of weld metal was estimated using Goldak equation, and then all heat inputs were distributed on those nodes by the determined ratio. The Goldak equation is explained as follows [16] where x, y, and z are local coordinates of the double ellipsoidal model. To model the fraction of heat deposition for rear and front parts, f f and f r are set, respectively. Goldak et al. assumed that f f is 1.5 and f r is 0.5, because the temperature gradient in the front part of the heat source has a higher rate than the rear part, as demonstrated in [11] . The heat source power of the welding process is shown by Q. The parameters a, b, and c in Eqs. (1a) and (1b) depend on the welding heat source properties.
Radiation and convection are the two types of thermal boundary conditions considered in this model. Convection losses are considered for lower temperature zones far from the weld line, and the radiation loss accounts for high temperature zone near and in the weld line. Eq. (2) explains all temperature-dependent heat transfer coe cient (w/m 2 ) as below: 
where T ( C) is the temperature. Fenggui et al. assumed that above the melting point, heat conductivity is doubled [17] . This assumption was applied to simulate the e ect of convective stirring in a molten material.
Mechanical analysis
In the structural analysis, the history of temperature for each node calculated by the transient thermal analysis was applied as a thermal loading into the mechanical analysis. There is not any solid-state phase transformation in the austenitic stainless steel as reported by Zhu et al. [5] .
In the welding process, the total strain can be divided into three components as below: " = " e + " p + " th ;
where " e +" p and " th are elastic, plastic, and thermal strains, respectively. In the welding simulation, results of strains and stresses are accumulated in each stage. Finally, the welding remained stresses can be calculated when the whole model is cooled down. The isotropic bilinear strain hardening with Von Misses yield criterion was considered as the material properties in this simulation.
Experimental investigations
In order to verify the FE modeling procedure, the experimental investigations are employed. These experimental data are collected from the upper surface of the butt-welded plates.
Specimen preparation
Two pieces of AISI 304 stainless steel plates, with the length of 500 mm, width of 250 mm and thickness of 6 mm, were prepared with V-shape edges. Grade 304 is a standard \18/8" stainless steel; it is the most versatile and most widely used stainless steel with excellent welding characteristics. In order to assess the structural integrity of the welded structures from the 304 stainless steel, the mechanical properties of the weld zone must be examined completely [18] . Therefore, investigation on the formation of the residual stress in these joints was carried out in this study. These plates were tted by utilizing two tack welds at the rst and the end of the welding. The dimensions of the prepared welding joint are shown in Figure 1 . An automatic TIG welding machine was used here to carry out the rst welding pass. The other passes were done by shielded metal arc welding process. The welding amperage was measured using snap around digital multi-meter. The welding speed was obtained by dividing the weld length into the measured welding time. Table 1 presents the welding parameters of each pass.
Due to the change of the thermal and also mechanical properties by variation in temperature, in this paper, the temperature-dependent material properties for AISI-304 stainless steel were used as reported by Deng and Murakawa [19] . The temperature-dependent material properties are shown in Figure 2 .
The ller metals in the di erent passes are selected, as shown in Table 1 . Due to the similarity of mechanical and thermal properties of the base and ller metals, the mechanical and thermal properties were assumed to be the same for both base metal and ller metal in the FEM modeling.
Measurement of residual stresses
The standard method of Hole Drilling Strain-Gauge is used here to measure the remained stresses in the surface of the welded plate. This is an established technique for measuring the residual stress. The ap- plication of this method and the method of calculating the residual stresses were discussed in detail in [20] . The released strains were measured after drilling the centre-point of a rosette type gauge by a very highspeed drill. After measuring the released strains by a strain indicator, the longitudinal and traverse residual stresses were calculated according to the following equations based on the ASTM E837-99 standard [21] :
y = E(" y + " x )=(1 2 );
where " x and " y are the released strains in the longitudinal and traverse directions, respectively; E is the Young's modulus; and is the Poisson's ratio [20] . The strain gauges of the rosette type (FRS-2-11) were employed in this study. In order to eliminate the e ects of starting and completing the welding process, the strain gauges were located in the middle zone of the plate, with minimum 100 mm away from the plate edges. According to the ASTM standard recommendations, the rosettes should not be very close to each other. So, the rosettes were placed in di erent paths perpendicular to the weld line. 13 rosettes were mounted on the plate surface at points with 0, 1, 3, 6, 7, 9, 11, 13, 17, 23, 32, 45, and 60 mm away from the weld centreline. In Figure 3 , the placed rosettes on the weld centreline and 9 mm away from the weld centreline are presented.
Finite element calculations 4.1. Welding simulation
The induced remained stresses of welding processes were determined here by a three-dimensional thermal and structural FE technique. Uncoupled method was used here for calculating the stress eld in the welding procedure. It means that at rst, a thermal analysis was done to estimate the temperature history of each node, and then its results were entered incrementally as an input load into the structural model to compute the remained stresses [22] . Sattari-Far and Farahani used element birth and death method in the nite element model to model the deposition of the ller metal in the weld groove during the welding [23] . In this method, by multiplying the sti ness of the elements by a severe reduction factor, the elements were deactivated. Then, during the passing of the heat source from each section, the deactivated elements were activated. It should be noted that the speed of the elements' activation has to be the same as the velocity of the electrode movement. One half of the welded plate was modeled, because the welded plates and welding process were symmetrical, and this model required shorter process time. The FE mesh of the welded plates is shown in Figure 4. 
Discussion on the FEM results
Welding remained stresses were calculated by the FEM modeling of the butt-welded plate. Along the weld line, a high tensile stress appears near the weld zone and declines by increasing the distance from the weld line. Since the stress distribution in each section of a body should be self-balancing, the compressive remained stress is formed far from the weld zone.
It was observed that the stresses at the starting point of the weld and its proximity were di erent from the other locations. In Figures 5 and 6 , the distribution of the longitudinal and traverse remained stresses perpendicular to the weld line on the upper side and lower side of the plate are shown. Small di erences between the longitudinal residual stresses on the bottom and top sides of the plate were observed. The large di erences between transverse residual stresses on two sides of the plate were presented. These di erences can lead to angular deformation of the butt-welded plates.
To validate the results of the FE simulation, a nite element model with the same items with those used in the specimen preparation was generated. On the other side, the residual stresses were measured using hole drilling strain gauge measurement technique in 13 points. Figures 7 and 8 show numerical and experimental results of the longitudinal and traverse residual stresses on the upper side of the plate. Generally, these gures indicate that the results predicted by nite element simulation are relatively compatible with the experimental measurements.
Study of the weld groove shape
In order to investigate the e ects of the weld groove shape on the residual stress distribution, three di erent weld groove shapes of V-groove, U-groove, and Xgroove were investigated in two di erent plate thicknesses of 6 and 12 millimeters. The magnitude of the heat input was adjusted to have a melted zone as in Figure 1 .
6-mm thick plate model
Welded plates of 6-millimeter-thick were investigated by three di erent groove types of V, X, and U, as shown in Figure 9 .
As a result of the comparison between longitudinal stresses of these three models on the upper and lower sides, it was indicated that at the plate with thickness of 6 mm, the weld groove shape had minor in uence on the magnitude of the longitudinal stresses, as can be seen in Figures 10 and 11 . An extension in the tensile residual stresses zone was observed for U-groove type weld. This may have resulted from the large hightemperature zone along the welded joint in this type of groove. Also, a di erence between the magnitudes of the compressive residual stresses can be seen far from the welding line.
No signi cant di erences between the transverse residual stresses for these models were observed.
12-mm thick plate model
The e ects of the weld groove shape on the residual stresses were studied here for plates of 12-millimeterthick. For these plates, three di erent welding sequences were studied in the X-groove shape models, as shown in Figure 12 .
The distributions of the longitudinal and traverse residual stresses for lower side of the plates are presented in Figures 13 and 14 , respectively. The maximum tensile longitudinal stresses were the same for all the cases on the lower side. But, the compressive stresses of X1-, X2-, and X3-groove types were greater than U-and V -groove types. It was observed that there were no meaningful di erences between the calculated longitudinal residual stress for X2 and X3 models.
As can be seen in Figure 14 , the maximum tensile transverse stress for X1-and X2-groove types was greater than that of U-and V-groove types. Also, the value of these stresses, 10 mm away from the weld centerline, was the same for all the cases on the lower side of the plates. Again, approximately, the same transverse residual stress for X2 and X3 models was observed. The distribution of the longitudinal stresses on the upper side of the 12-mm-thick plate is shown in Figures 14 and 15 . The maximum tensile stresses were the same for all models, while for the welded plates with groove shapes of U and V, the tensile stresses extend more than X-shape models.
According to Figure 16 , the maximum tensile residual stresses for U-and V-groove types were greater than X1 and X2 models. The maximum stress values for all of the cases were observed at 100 mm away from the weld centerline. The results for X2 and X3 models were the same to a great extent. The results of the X3 model were not presented in Figures 15 and 16. 
Conclusion
In this paper, nite element technique was employed to evaluate the remained stress formation in butt-welded plate joints. By comparison between the experimental measurements and numerical results, it is indicated that the utilized procedure is a suitable technique to predict the welding stresses. Based on this study, the following conclusions may be made: -In thin plates studied in this investigation (6 mm thick), type of the weld groove shape has insignificant in uence on the peak of tensile stress on the outer surfaces of the butt-welded joints; -Compared with other groove types, an extension in the tensile stress zone was observed in the U-shaped groove types; -In thick welded plates (12 mm thick), the type of groove shape has no signi cant in uence on the peak of longitudinal stresses on the lower side of the plates. But, the extension of the longitudinal residual stresses on the upper side of models with U-and V-groove types was greater than X-groove models; -Tensile transverse residual stresses in X1 and X2 models were greater than U-and V-groove types on the lower side of the thick welded plates (12 mm thick), but a reverse trend was observed on the upper side. 
